Introduction
The myelodysplastic syndromes (MDSs) are clonal disorders of hematopoiesis characterized by morphologic dysplasia, ineffective hematopoiesis, and peripheral blood cytopenias, with progressive evolution to acute myeloid leukemia in approximately 25% of cases. 1 Based on the International Prognostic Scoring System (IPSS), patients with low-risk and intermediate-1 subgroups have a median survival of 5.7 years and 3.5 years, respectively. 2 However, within these low-/intermediate-risk patients there is a significant variation in outcome and attempts have been made to identify variables that may delineate subgroups with a poorer prognosis. The World Health Organization (WHO) classification of MDS has attempted to sharpen the distinction between subgroups of low-risk MDS. 3 Dysplasia within a hematopoietic lineage is now defined when at least 10% of cells in a specific lineage are affected; patients with unilineage dysplasia are classified as refractory anemia (RA), whereas patients with refractory cytopenia with multilineage dysplasia (RCMD) are identified as a separate category. Several groups have since reported on the utility of this classification with the observation that RCMD is associated with a significantly poorer survival than RA. 4, 5 Most patients with RA or RCMD have normal cytogenetics and in the absence of definitive biologic markers, early diagnosis or prognostic stratification of patients is currently not possible.
Recent developments in microarray technology have enabled the exploitation of single-nucleotide polymorphisms (SNPs) for high-resolution genome-wide genotyping. This technology facilitates studies of acquired genetic imbalances, as it reveals areas of loss of heterozygosity (LOH). These copy number (CN) imbalances might be early events in the development of the neoplastic clone and predispose to the pathogenetic chromosomal aberrations that are detected by conventional cytogenetics and fluorescence in situ hybridization (FISH) and correlate with prognosis. 6 A recent example is the identification of chromosomal aberrations in 40% of B-cell acute lymphocytic leukemia (B-ALL) cases for genes affecting B-cell development and differentiation, with PAX5 most frequently targeted by somatic mutation. 7 However, LOH can also occur by uniparental disomy (UPD), where an individual acquires a duplicated copy of an entire or partial chromosome derived from 1 parent through mitotic recombination, resulting in LOH without CN loss or gain. UPD cannot be detected by conventional cytogenetic analysis, as there is no net loss/gain of genetic material. Thus SNP microarrays have a distinct advantage over traditional techniques for the detection of chromosomal aberrations arising from UPD and CN change at higher resolution. The presence of somatically acquired UPD in 20% of acute myeloid leukemia (AML) patients with normal karyotype was first demonstrated using the Affymetrix 10K SNP array (High Wycombe, United Kingdom). 8 Furthermore, in some AML patients the regions of UPD have been shown to correspond with areas of homozygous mutation in potentially leukemogenic genes. 9 More recently, Affymetrix 50K SNP analysis in chronic lymphocytic leukemia and myeloma has shown that UPD is a prominent feature of these diseases. 10, 11 These genetic lesions can be further analyzed to identify regions harboring potential genes of pathogenetic importance, 10 thereby allowing stratification of different tumor types 12 and potentially assisting in treatment modalities.
We have performed Affymetrix 250K SNP analysis on 119 MDS patients in order to determine the frequencies of CN changes and UPD in low-risk MDS with normal cytogenetics and in MDS associated with deletion of 5q. The results were subsequently correlated with known prognostic variables. We demonstrate the presence of novel LOH in 64% of these patients. The frequencies of UPD and CN changes are a prominent feature of MDS, distinguishing it clearly from healthy donors. In addition, the majority of UPDs in bone marrow samples from MDS patients were also present in paired constitutional DNA, whereas copy number aberrations were found to be acquired and indicative of poor prognosis.
Patients and methods

Patient samples
A diagnosis of MDS was made by 2 hematopathologists according to the WHO classification. 13 A total of 119 patients with a median age of 61 years (range, 20-90 y) were analyzed. Patient characteristics are summarized in Table 1 . A diagnosis of RA was made in 19% (n ϭ 22), RCMD with normal cytogenetics (RCMDnc) in 29% (n ϭ 34), RCMD with abnormal cytogenetics (RCMDac) in 14% (n ϭ 17), RA with ring sideroblasts (RARS) in 10% (n ϭ 12), RCMD with ringed sideroblasts (RCMD-RS) in 10% (n ϭ 12), 5qϪ syndrome (Ͻ 5% bone marrow [BM] blasts) in 13% (n ϭ 16), and refractory anemia with excess blasts (RAEB) in 5% (n ϭ 6). Within the RAEB subgroup, 4 patients had transformed from 5qϪ syndrome and 2 from RARS. Low-risk MDS (IPSS 0) was observed in 64% (n ϭ 70) of evaluated patients, intermediate-1 (IPSS 0.5-1) in 30% (n ϭ 33), intermediate-2 (IPSS 1.5-2) in 3% (n ϭ 3), and high-risk MDS (IPSS Ն 2.5) in 3% (n ϭ 3). IPSS scores were unavailable in 10 patients. Cytogenetic analysis was normal in 65% (n ϭ 77), isolated del(5q) in 18% (n ϭ 21), and del(5q) plus additional cytogenetic changes in 12% (n ϭ 15) of cases. Cytogenetics were unavailable in 5% (n ϭ 6) of patients.
DNA from bone marrow films and fresh CD34 ϩ cells from patients were analyzed by SNP arrays. To determine LOH and CN change, DNA from healthy peripheral blood donor cells (n ϭ 16; median age 41 y, range 17-59 y) and from age-matched subjects with no history of malignancies who were attending the anticoagulation clinic for lone atrial fibrillation (n ϭ 17; median age 76 y, range 61-87 y) was analyzed. Furthermore, where available, constitutional DNA (n ϭ 20) was also analyzed; the latter consisted of DNA from skin biopsy of 9 patients, buccal mucosa of 3 patients, and CD3 ϩ lymphocytes of 8 patients. Approval was obtained from King's College Hospital Local Research Ethics Committee prior to study commencement. Written informed consent was obtained in accordance with the Declaration of Helsinki prior to blood or bone marrow sample collection.
DNA extraction and amplification
Material from bone marrow films was recovered by PBS rehydration, transferred into 200 L of PBS, and thoroughly resuspended. Freshly obtained bone marrow aspirate samples were enriched for CD34 ϩ cells using an AutoMACS cell sorter (Miltenyi Biotec, Surrey, United Kingdom) per the manufacturer's instructions and frozen as cell pellets at Ϫ80°C for batch processing. Genomic DNA was extracted using the Qiagen Blood Mini Kit (Qiagen, Crawley, United Kingdom) per manufacturer's instructions. The quality and quantity of genomic DNA was assessed by electrophoresis and spectrophotometry. Samples of good quality but insufficient quantity were amplified using phi29 polymerase (Qiagen) per the manufacturer's protocol. Phi29 polymerase-based whole-genome amplification has been shown to have a 99% concordance between amplified and unamplified genomic DNA samples. 14 These amplified samples were further tested by polymerase chain reaction (PCR) for either ACTB or GAPDH genes to evaluate the effectiveness of the amplification. Primers and PCR conditions are described in Document S1 (available on the Blood website; see the Supplemental Materials link at the top of the online article).
Genotyping assay
Genotyping was performed on DNA using either 50K HindIII (50K), 250K StyI (250K), or 250K NspI ϩ 250K StyI (500K) SNP microarray chips and processed according to the manufacturer's instructions (Affymetrix) with minor modifications. Genomic DNA (375 ng) was digested with the appropriate restriction enzyme for 4 hours at 37°C. Digested DNA (125 ng) was electrophoresed to confirm complete digestion. All further downstream processes such as adaptor ligation, PCR amplification, purification, fragmentation, end labeling, and hybridization were done according to the manufacturer's protocols. The Affymetrix 450 fluidics station and the Affymetrix 3000 G7 gene scanner were used to wash, stain, and scan the arrays.
Expression array
Expression profiling of 2 RARS samples, with and without UPD on 4q, was performed using HGU133 Plus 2.0 arrays (Affymetrix). These samples were analyzed by a pairwise comparison and also compared with normal CD34 ϩ cells (n ϭ 10). Details of the method and analysis are provided in Document S1.
Data analysis
DChipSNP software version 2006 (http://biosun1.harvard.edu/complab/ dchip/) was used to determine LOH and CN. The HMM-considering haplotype method was used to determine LOH, and CN was inferred using 
Statistical analysis
Statistical analysis was performed using SPSS version 14.0 (SPSS, Chicago, IL). Patient characteristics were compared using chi-square analysis for categoric variables and the Mann-Whitney test for continuous variables. Correlation was calculated by using the Pearson product moment correlation coefficient. Overall survival curves were estimated using Kaplan-Meier methodology and the log-rank test was used to assess differences between groups. Univariate comparisons and multivariate analysis used the Cox proportional hazards regression model. Variables analyzed included WHO subgroup, IPSS score, cytogenetic status, UPD, and CN change. A P value of less than .05 was set as the threshold of significance.
Results
50K versus 250K versus 500K arrays
We investigated the presence or absence of LOH in 119 MDS patients using high-density SNP microarrays. Our initial experiments were performed on 50K SNP arrays followed by reanalyses on 250K and 500K SNP arrays. The regions of UPD greater than 2 megabases (Mb) and CN change were validated by the concordance of LOH found in the 50K, 250K, and 500K SNP arrays for the same MDS samples. All 119 samples were analyzed on 250K; 48 samples on 50K and 250K; and 27 samples on 50K, 250K, and 500K. There was 100% concordance between the 50K and 250K arrays in the detection of regions of UPD greater than 2 Mb and CN changes. Similarly, there was 100% concordance between the 250K and the 500K arrays for UPD regions greater than 2 Mb and CN changes. Of 48 cases identified as having abnormalities using the 50K array, reanalysis with the 250K array revealed an additional 22 regions of LOH (15 UPD Ͼ 2 Mb and 7 CN changes). However, the 500K array did not add any further regions of LOH over and above what was found in the 250K array; therefore, all further patients were analyzed using the 250K SNP array.
In all patients with del(5q) abnormality there was 100% concordance between the 250K array analyses and conventional cytogenetic findings. Cytogenetic analysis mapped the proximal breakpoint of del(5q) to 5q13 with the distal breakpoint ranging from q31 to q35. In del(5q) patients, SNP array analysis identified the deleted proximal breakpoint to 5q14.2 and the distal breakpoint to q34. Our results confirm previously identified common deleted regions. [16] [17] [18] There was only 1 patient from the del(5q) group with an additional copy number change that was not identified at presentation.
Loss of heterozygosity in MDS
In order to determine whether regions of LOH identified in patient samples were disease specific, DNA from 33 subjects with no history of malignancy was screened for LOH. These 33 subjects consisted of a group of 16 healthy blood donors and a further group of 17 older subjects who attend the anticoagulation clinic at King's College Hospital for lone atrial fibrillation. No regions of CN change were identified; therefore, the presence of CN changes of any size within the patients' DNA that were not previously identified by conventional cytogenetics was included in the analyses. However, 72% (n ϭ 24) of control subjects had regions of UPD of median size of 1.21 Mb (range, 0.3-6.7 Mb) dispersed across the genome on 20 of 23 chromosomes. UPD of greater than 2 Mb was identified in 12% (n ϭ 4) of our controls who had 7 regions of UPD (2.40 Mb, 2.66 Mb, 2.69 Mb, 2.74 Mb, 2.89 Mb, 3.05 Mb, and 6.70Mb). Examination of 250K SNP data from 60 healthy donors published by the HapMap project 19 showed 15% (n ϭ 9) of individuals with UPD greater than 2 Mb. Therefore, all regions of UPD greater than 2 Mb in patient samples were excluded from subsequent analysis.
UPD was identified in bone marrow cells from 46% (n ϭ 55/ 119) of MDS patients overall ( Table 2) . DNA of 54% (n ϭ 13) of patients in the RARS ϩ RCMD-RS group and 48% (n ϭ 27) of patients in the RA ϩ RCMDnc group contained regions of UPD. A total of 125 regions of UPD were identified. Thirty-eight MDS patients had 1 region of UPD greater than 2 Mb, 12 patients had 2 to 5 regions, and 5 patients had more than 5 regions of UPD. The median size of UPD was 3.78 Mb (range, 2.03-138.57 Mb). Paired constitutional DNA samples for UPD analysis were available for 13 patients: 5qϪ syndrome (n ϭ 3), RA ϩ RCMDnc (n ϭ 6), RCMD-RS (n ϭ 1), RCMDac (n ϭ 2), and RAEB (n ϭ 1). Twelve of 13 regions of UPD found in paired patient BM DNA were also identified in the respective constitutional DNA. Interestingly, 2 patients did not have any regions of UPD but had copy number aberrations in their bone marrow DNA. Analysis of the constitutional DNA from these patients also confirmed the absence of UPD and copy number aberrations. In addition, we did not observe any additional regions of UPD in constitutional DNA that were not present in the bone marrow DNA. None of the UPD regions identified in patient BM samples were present in any of the 33 healthy control subjects.
SNP array analysis identified 34 regions of novel CN change in 18% of MDS patients (n ϭ 20), comprising deletions in 10% of patients (n ϭ 12) and amplifications in 8% (n ϭ 9), which were not identified on cytogenetic analysis (Table 2) . One patient from the 
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RCMDac group had both multiple deletions and amplifications in the DNA. There were 2 patients in the RAEB group with either a deletion (17%; n ϭ 1) or an amplification (17%; n ϭ 1). The RARS ϩ RCMD-RS group had 17% (n ϭ 4) with deletions but only 4% (n ϭ 1) had an amplification. The frequencies of CN changes in patients were observed as follows: 1 region (n ϭ 16), 2 regions (n ϭ 2), and more than 5 regions (n ϭ 2). Copy number change consisted of 19 regions of deletions of median size of 2.86 Mb (range, 0.14-63.54 Mb) and 15 amplifications with a median size of 4.13 Mb (range, 0.001-68.11 Mb). Paired constitutional DNA was available for 8 patients who had CN changes detected by SNP analysis of their bone marrow cells (4 with and 4 without cytogenetic abnormalities). In all 8 cases, constitutional tissue DNA was found to be normal by SNP array analysis, confirming that CN changes in the bone marrow are somatically acquired. Figure 1A through C summarizes the genomic location of UPD and CN change in all our MDS patient samples. UPD was distributed across the entire genome with no specific pattern, and none of these regions were shared by more than 3 MDS patients. Six chromosomes had 0 to 2 regions of UPD, a further 6 had 3 to 5 regions of UPD, 9 chromosomes had 6 to 9 regions of UPD, and 2 chromosomes had more than 10 regions of UPD. The most notable chromosomes with frequent regions of UPD in MDS samples were chromosome 4 (n ϭ 12 regions), chromosome 1 (n ϭ 10 regions), chromosome 6 (n ϭ 8 regions), and chromosomes 2 and 3 (n ϭ 7 regions). All other chromosomes had fewer than 6 regions of UPD. Chromosomes most frequently associated with CN changes were as follows: chromosome 6 (n ϭ 5 regions), chromosome 19 (n ϭ 4 regions), and chromosomes 1 and 12 (n ϭ 3 regions). CN changes were not detected on chromosomes 3, 4, 10, 14, and 16. The remaining chromosomes had 2 or fewer regions of CN change. There was no significant correlation between chromosome size and frequency of UPD (r ϭ 0.69) or CN change (r ϭ Ϫ0.01).
Genomic spread of LOH
UPD on chromosome 4
UPD on chromosome 4q was identified in 3 of 12 RARS patients with a median size of 91 Mb (range, 2.9-108.89 Mb), 4 of 34 RCMDnc patients ranging from 2.6 to 138.5 Mb with a median size of 49.9 Mb, 1 of 6 patients from the RAEB group (107 Mb), and 1 of 16 patients with 5qϪ syndrome as shown in Figure 2 . Constitutional DNA from 1 RARS patient with a UPD of 90.9 Mb (range, q21.5-q35.1) was available and this did not show the identical UPD on 4q. However, this patient had additional UPD present on 3q26.1 (2.6 Mb) and 13q31.1 (3.1 Mb), which were present in both the BM and paired constitutional DNA.
The gene-expression profile of CD34 ϩ cells from 2 RARS patients with and without UPD on 4q, respectively, were compared with CD34 ϩ cells from 10 healthy donors (see Document S1 for methods and data analysis). Of the 334 genes that were expressed on the region of UPD (4q21.5-q35.1), there were 118 genes from the patient with 4q UPD and 45 genes from the patient without 4q UPD that changed by at least 3-fold in comparison to expression from normal CD34 ϩ cells. Pairwise comparison of gene expression between the RARS samples identified 105 differentially expressed genes, of which 64 were down-regulated and 41 were up-regulated by 3-fold (Table S1) . Interestingly, erythroid genes such as glycophorin A (GYPA, 6.5-fold), glycophorin B (GYPB, 3-fold), and the mitochondrial uncoupling protein 1 (UCP1, 4.7-fold) were up-regulated in the patient with 4q UPD. Functional comparison of the 105 differentially expressed genes using ingenuity pathway analysis (IPA) identified the top 3 biofunctional groups as genetic disorders (4 genes: FGG, FGB, GYPA, and NR3C2; significance ϭ 2.9 ϫ 10 Ϫ5 to 1.2 ϫ 10 Ϫ2 ); hematologic disease (3 genes: FGB, FGG, and EDNRA; significance ϭ 2.9 ϫ 10 5 to 6.3 ϫ 10 Ϫ3 ); and cardiovascular disease (8 genes: EDNRA, FGB, FGG, GUCY1A3, NR3C2, PDE5A, CCNA2, and GRIA2; significance ϭ 1.6 ϫ 10 Ϫ4 to 1.9 ϫ 10 Ϫ2 ). One hundred twenty-five regions of UPD were detected: red 5qϪ Syndrome (n ϭ 33 regions); green RAϩRCMDnc (n ϭ 46 regions); blue RARSϩRCMD-RS (n ϭ 34 regions); pink RCMDac (n ϭ 10 regions); and green RAEB (n ϭ 2 regions). (B,C) Regions of deletions (del) and amplifications (amp) are shown. CN changes detected: red 5qϪ syndrome (del, n ϭ 1 region); green RAϩRCMDnc (del, n ϭ 7 regions; amp, n ϭ 7 regions); blue RARSϩRCMD-RS (del, n ϭ 5 regions; amp, n ϭ 1 region); pink RCMDac (del, n ϭ 5 regions; amp, n ϭ 6 regions); and green RAEB (del, n ϭ 1 region; amp, n ϭ 1 region).
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Copy number changes
There were 13 chromosomes carrying a deletion and 11 chromosomes with an amplification detected by SNP arrays that were not detected by conventional cytogenetics summarized in Figure 1B and C. Cases from the RA ϩ RCMDnc (41%) and RCMDac (32%) subgroups contributed the most CN changes overall from all of the MDS categories. Indeed 1 patient from the RCMDac group had monosomy 7 and an additional 8 CN abnormalities that were not detected by conventional cytogenetic analysis at sampling. This patient progressed to the RAEB subtype. Among the most frequent copy number abnormalities previously described, we also found cases of deletion 20q11.23-13.13 (12. 
Correlation of LOH with clinical variables
The median duration of follow-up from time of diagnosis of the study group was 46 months (range, 1-236 months) with a median time to disease progression of 36 months (range, 6-200 months). There was no correlation between the presence of either UPD or CN change with age (UPD, P ϭ .248; CN, P ϭ .586), sex (UPD, P ϭ .443; CN, P ϭ .387), or disease progression (UPD, P ϭ .446; CN, P ϭ .449). Disease progression was defined as either progression to RAEB (n ϭ 19) or transformation to AML (n ϭ 5). At the time of disease progression, 4 cases had evidence of cytogenetic evolution. On further analysis of those patients with CN change, the presence of a deletion was associated with a higher proportion of patients showing disease progression (37.5%, 3/8) when compared with the rate of progression in those without a deletion (13%, 9/69), although this was not significant (P ϭ .19).
Furthermore, there was no correlation between the presence of UPD and increasing IPSS score. There was however a correlation between CN aberrations and higher IPSS score (P ϭ .01). This correlation was more pronounced when deletions/amplifications were analyzed separately. A higher frequency of deletions was observed in those with high IPSS scores (P ϭ .007) compared with amplifications (P ϭ .17).
The overall survival of patients with or without UPD or CN aberrations was analyzed by Kaplan-Meier plots. No difference in the overall survival was seen on comparison of patients with or without UPD greater than 2 Mb (P ϭ .51; Figure 3A ). To account for cases of UPD greater than 2 Mb in healthy subjects, survival was also analyzed for UPD greater than 3.1 Mb and no significant difference was observed. Univariate analysis of factors affecting overall survival identified the presence of CN change (P ϭ .03; Figure 3B ) and IPSS score (P Ͻ .001) as the most significant variables affecting survival (Table 3 ). In particular, the presence of deletions (P ϭ .04) compared with amplifications (P ϭ .44) adversely affected outcome ( Figure  3C,D) . The WHO subgroups of MDS (P ϭ .06), presence of cytogenetic abnormalities (P ϭ .99), and the presence of UPD (P ϭ .23) did not affect the overall survival. Although CN change correlated with increasing IPSS score, on multivariate analysis IPSS score (P Ͻ .001) was the only predictive variable for overall survival (Table 4) .
Discussion
Low-risk MDS subgroups accounts for at least 50% of all MDS patients, and up to 80% of these patients have a normal karyotype. 5 In the absence of clonal cytogenetic aberrations, the diagnosis depends on the presence of morphologic abnormalities defined in the WHO classification. 13 Due to the poor in vitro growth of the dysplastic clone, it is often difficult to obtain useful cytogenetic data from MDS patients with a "normal" karyotype. The advent of high-resolution SNP microarrays has provided an opportunity to identify genome-wide cytogenetically cryptic genomic aberrations in low-risk MDS patients, which may prove to be of diagnostic or prognostic significance. Furthermore, these aberrations may help identify genes that lead to progression of low-risk MDS subtypes. To our knowledge this is the first report using high-resolution SNP genotyping to ascertain the incidence, spread, and prognostic consequence of subcytogenetic changes in MDS.
Most studies to date have used 10K and 50K Affymetrix arrays that have an SNP intermarker median distance of 470 kb BLOOD, 1 NOVEMBER 2007 ⅐ VOLUME 110, NUMBER 9 For personal use only. by guest on January 8, 2013. bloodjournal.hematologylibrary.org From and 8.5 kb, respectively, but recent improvements in photolithography techniques have led to the advent of 500K SNP arrays with an improved intermarker resolution of 2.5 kb. The procedure has been refined to provide a precise, practical, and high-resolution technique that can be applied for diagnostic purposes. In comparison to the standard genotyping technique of microsatellite marker analysis, SNP microarrays have a clear advantage for detection of LOH at a much higher resolution. However, our results show that increased resolution provided by the 500K SNP arrays did not add any further information over what was identified using the 250K SNP arrays for low-risk MDS patients. We observed a 100% concordance in the regions of LOH detected with 50K arrays and verified on the 250K arrays for 48 samples.
Uniparental disomy arises from the duplication of one of the parental chromosomes and loss of the other, thereby conferring homozygosity across the affected region. This consequence of mitotic recombination can contribute to pathogenicity by "activating" potential recessive oncogenes 9 or inactivating tumor suppressor genes 20 and also plays a major role in imprinting 21 as outlined in the 2-hit Knudson model 22 describing the inactivation of tumor suppressor genes. Two population studies used SNP genotyping technology to document long contiguous stretches of homozygosity in white samples obtained from the Center d'Etude du Polymorphissme Humain (CEPH). 23, 24 Both studies showed the presence of homozygous regions in the genome; however, data from the CEPH collection may be biased due to autozygosity that occurs when 2 copies of an ancestral haplotype come together in an individual. Of the 8 reference families from CEPH, 2 showed clear signs of consanguinity, whereas the remaining 6 families, all from Utah, had been subject to some inbreeding in the past. 25 These factors might explain the overestimation of CN-neutral LOH. In another report, only 1 region of UPD (4.95 Mb) was found in 36 DNA samples from healthy bone marrow analyzed using the 250K SNP array. 26 We show the occurrence of small regions of UPD ranging from 0.3 to 6.7 Mb in our control subjects. It needs emphasizing that only 12% of our control subjects had UPD greater than 2 Mb; therefore, we excluded all UPDs below 2 Mb from our analysis. UPD has been shown to be present in high-risk MDS, 27 AML with normal karyotype, 28 and polycythemia vera, 29 but to our knowledge this is the first report showing UPD greater than 2 Mb (range, 2.03-138.57 Mb) in 46% of patients with low-risk MDS. More significantly, regions of UPD found in BM DNA were also present in their respective constitutional DNA, where available, except for 1 RARS patient who had 3 regions of UPD in the BM DNA, of which the largest UPD (90.9 Mb) was not present in the paired constitutive DNA. Constitutive DNA from a patient with RCMDnc had 7 regions of UPD ranging from 2.1 to 96 Mb, with all being present in the patient's constitutive DNA. We cannot exclude the possibility that large regions of UPD are either somatic or germ-line aberrations.
The high incidence of constitutional UPD found in MDS may suggest an underlying predisposition of genomic instability. Fragile sites, which are known sites of frequent genomic instability, were mapped from The Genome Database 30 to the regions of UPD. 31 We found that 43.2% of the UPD regions were localized within or as part of a known fragile site. In the absence of a reliable marker for low-risk MDS patients with a normal karyotype, the high frequency of UPD may provide a surrogate disease marker. Even though there was a high incidence of UPD in our MDS patients, the size or their frequency did not affect progression to a high-risk MDS subtype or prognosis. The full relevance of this has yet to be ascertained, but it may have an important consequence in the inheritance of homozygous recessive mutations or aberrant genomic imprinting resulting in loss of a functional allele.
The most prominent region for UPD was on chromosome 4q in patients with RCMDnc, RARS, and RAEB. UPD on 4q has previously been shown to occur in patients with A-beta Lipoproteinemia. 32 Interestingly, the RAEB patient with UPD on 4q had transformed from a previous RARS condition. A recent study on 4 MDS and AML patients also identified a common microdeletion on 4q24, suggesting the possible involvement of a tumor suppressor gene within the region. 33 Our expression analyses did not detect any overtly down-regulated genes in a patient with 4q UPD. We performed an ontologic survey using OntoExpress 34 for genes localized to the large region of UPD4q and found 2 genes of interest: guanylate cyclase soluble beta 3 (GUCY1B3)-4q32.1 and electron-transferring lavoprotein dehydrogenase (ETFDH)-4q32.1, which are involved in heme binding. However, there was no difference in gene expression between the patients with and without 4q UPD for GUCY1B3 and ETFDH. The up-regulation of erythroid-specific genes GYPA, GYPB, and GYPE and a mitochondrial transporter protein UCP1 in the patient with 4q UPD relative to normal controls and also by pair-wise analysis with the patient without 4q UPD suggests a possible role in dyserythropoeisis associated with RARS. These genes were also up-regulated in 2 of 19 RARS patients from a previously published gene-expression study 34 and it would be interesting to determine if these patients also had UPD on 4q. However, because of the small sample size, this observation needs to be validated in a larger cohort of MDS patients where genotyping data are available to confirm the 4q UPD.
In addition, we also analyzed differential gene expression from CD34 ϩ cells from patients with RARS and del(5q) patients 35 in the context of our LOH data and found no significant correlation (Table  S2 and Table 3 ). None of the up-regulated interferon-stimulated genes mapped onto any of our identified regions of LOH. Apart from a common theme of UPD on 4q identified in a small percentage of our patients, there were no common regions of LOH between any of the subtypes of MDS or between any of the patients within a MDS subtype.
Copy number aberrations in low-risk MDS cases were not as prevalent as UPDs. Previous reports have highlighted the presence of LOH in up to 20% of cases with AML with normal cytogenetics using SNP arrays. 28 In addition, studies have investigated LOH in the transformation of MDS to AML using informative microsatellite analysis and found LOH, but not deletions, in greater than 20% of cases on chromosome arms 6q, 7p, 10p, 11q, 14q, and 20q, suggesting the presence of unidentified tumor suppressor genes in these regions. 27 Therefore, the use of SNP arrays may allow detection of additional CN changes that may aid in the prognostic stratification of patients and identify those most likely to transform.
To confirm that the CN changes we observed were acquired, we analyzed matched constitutional DNA where available and found that CN changes were present only in BM DNA and not in the respective constitutional DNA. These CN changes were compared with the genomic variants in the general population 36 and most of the CN changes we observed, including confirmed acquired CN changes, were present at low frequencies within the general population. This highlights the importance of analyzing paired samples to confirm acquired copy number changes. Common regions of CN aberrations were not observed for the different MDS subgroups. Chromosome 19 harbored 4 CN changes (2 deletions and 2 amplifications) from RARS and RCMDac patients. A shared deleted (19p13.31) region was identified in 2 RARS patients. This region is also susceptible to recurrent chromosomal translocation and is highlighted by the fusion of E2A-PBX1 and E2A-HLF, which plays a role in the pathogenesis of lymphoblastic leukemias. 36 Gain of chromosome 19 has been shown to be a feature of chronic myelomonocytic 38 and megakaryoblastic leukemias. 39 A large study in patients with AML with an abnormal karyotype has shown that patients with copy number changes, especially deletions, had a poorer outcome. 6 Our results extend this observation to MDS, where we found that copy number aberrations play a significant role in stratifying prognosis. The presence of deletions (P ϭ .05) resulted in a significantly adverse prognosis for low-risk MDS patients (Figure 3C,D) . It is highly relevant to note that our results were concordant with the IPSS score. Patients with a high IPSS score had a significantly (P ϭ .007) higher incidence of deletions than patients with a low IPSS score, reflecting poor prognosis. Given that cytogenetics is an important factor in the derivation of the IPSS score, the present findings that SNP microarray results correlate with IPSS score in cytogenetically normal cases strongly indicate that molecular methods for the detection of LOH could be an important addendum to the already BLOOD, 1 NOVEMBER 2007 ⅐ VOLUME 110, NUMBER 9 For personal use only. by guest on January 8, 2013. bloodjournal.hematologylibrary.org From established prognosticators in MDS. This finding needs further investigation.
In conclusion, this study has shown that UPD is an important feature of low-risk MDS. This UPD was found to be present both in BM DNA and in paired constitutional DNA, where available. Although there was no prognostic significance of UPD in low-risk MDS patients, the frequency of UPD may provide a marker of inherent genomic instability in these patients. Moreover, UPD on 4q in the DNA of a subset of patients may have pathogenic significance, especially since an increase in erythroid gene expression was detected. CN changes were detected by SNP microarrays in cytogenetically normal MDS cases, confirming the greater sensitivity and reliability of SNP microarrays over metaphase-dependent conventional cytogenetics. However, there was no difference in LOH detected between 250K and 500K SNP arrays in our cases. Finally, we show that patients with CN changes, especially those who harbor deletions, are those with higher IPSS scores who have a substantially poorer prognosis.
